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Structural and Functional Analysis
of the ARF1±ARFGAP Complex Reveals
a Role for Coatomer in GTP Hydrolysis
slowly; hence, the lifetime of the GTP-bound state is, in
general, governed by the action of GAPs, which acceler-
ate GTP hydrolysis by orders of magnitude (reviewed in
Scheffzek et al., 1998b). The unusually slow catalytic
rate of ARF1 (Kahn and Gilman, 1986) predicted the
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existence of ARFGAPs, and a family of such proteins
has recently been identified (Cukierman et al., 1995;
Poon et al., 1996; Brown et al., 1998; Premont et al.,Summary
1998). The first of these, the 45 kDa rat ARFGAP, is
present in cytosolic and Golgi-localized pools (Cukier-The crystal structure of the complex of ARF1 GTPase
bound to GDP and the catalytic domain of ARF GTPase± man et al., 1995) and may be recruited to membranes
by an interaction with the KDEL receptor (Aoe et al.,activating protein (ARFGAP) has been determined at
1.95 AÊ resolution. The ARFGAP molecule binds to 1997). ARFGAP catalytic activity requires the N-terminal
z140 residues, including a zinc finger motif (Cukiermanswitch 2 and helix a3 to orient ARF1 residues for catal-
ysis, but it supplies neither arginine nor other amino et al., 1995), and this region is conserved in all known
ARFGAPs. The catalytic domain is arrayed with distinctacid side chains to the GTPase active site. In the com-
plex, the effector-binding region appears to be unob- C-terminal domains in different family members, and
these regions are expected to be important for regulat-structed, suggesting that ARFGAP could stimulate
GTP hydrolysis while ARF1 maintains an interaction ing GAP localization and activity (Antonny et al., 1997;
Brown et al., 1998; Huber et al., 1998; Premont et al.,with its effector, the coatomer complex of COPI-
coated vesicles. Biochemical experiments show that 1998).
The molecular mechanism of GAP action on GTPasescoatomer directly participates in the GTPase reaction,
accelerating GTP hydrolysis a further 1000-fold in an has recently been elucidated (Rittinger et al., 1997;
Scheffzek et al., 1997; Tesmer et al., 1997a), revealingARFGAP-dependent manner. Thus, a tripartite com-
plex controls the GTP hydrolysis reaction triggering common principles of GTP hydrolysis for Ras-related
GTPases and heterotrimeric G protein a subunits (Gas).disassembly of COPI vesicle coats.
The mechanism has two principal features. First, GAPs
bind to the switch 2 region of the GTPase to stabilize
Introduction and orient catalytic machinery, in particular a critical
glutamine residue. In isolated Ras, switch 2 and Gln-61
Transport of proteins between intracellular compart- are highly mobile (Pai et al., 1989). Likewise, GAPs for
ments within the eukaryotic cell is mediated by protein- Gas, called RGS (regulators of G protein signaling), rigid-
coated carrier vesicles. Vesicles are created in a bud- ify the switch 2 region for catalysis (Tesmer et al., 1997a).
ding reaction whereby cytosolic coat proteins assemble Second, a catalytic arginine residue is positioned in the
at a membrane site and, by a mechanism that remains active site so as to bind the terminal phosphate group
unclear, deform the donor membrane and capture spe- and stabilize the transition state. In Gas the arginine is
cific cargo molecules into the forming vesicle (for re- provided in cis from a helical domain of the GTPase
views, see Rothman and Wieland, 1996; Schekman and polypeptide (Coleman et al., 1994; Sondek et al., 1994).
Orci, 1996). In Ras and Rho GTPases, however, the arginine residue
The coats of Golgi-derived COPI vesicles contain two is supplied in trans from the GAP protein and inserted
factors of cytosolic origin: the seven-subunit complex into the active site as an ªarginine fingerº (Rittinger et
called coatomer and the Ras-related GTPase ARF1 (Ser- al., 1997; Scheffzek et al., 1997). The arginine finger
afini et al., 1991; Waters et al., 1991). Coat assembly is mechanism (Mittal et al., 1996; Scheffzek et al., 1997) is
initiated by the exchange of GDP for GTP on ARF1, likely to be conserved in Ras-related GTPases. A striking
causing its translocation from cytosol to the membrane feature of the mechanism is the segregation of the active
(Donaldson et al., 1992; Palmer et al., 1993) and the site machinery into GTPase and GAP molecules. Thus,
recruitment of coatomer via a direct GTP-dependent GTP hydrolysis is triggered upon colocalization of the
interaction (Zhao et al., 1997). The budding process thus proteins, commonly at a membrane surface (discussed
incorporates ARF1 as a stoichiometric component of in Scheffzek et al., 1998b).
the COPI coat (Serafini et al., 1991; Orci et al., 1993; In this study, the crystal structure of a complex of
Spang et al., 1998), which remains stable until bound human ARF1 and rat ARFGAP was determined at 1.95 AÊ
GTP is hydrolyzed on encounter with an ARF-specific resolution. The structure reveals an unexpected location
GTPase-activating protein (ARFGAP) (Tanigawa et al., for the ARFGAP-binding site, such that no ARFGAP resi-
1993). Thus, cycles of nucleotide exchange and hydroly- dues reside within 15 AÊ of the GTPase active site. Thus,
sis on ARF1 impart vectorial regulation to vesicle trans- while ARFGAP can accelerate GTP hydrolysis by stabi-
port (discussed in Serafini et al., 1991). lizing the switch 2 region, it does not provide a catalytic
Members of the Ras GTPase family hydrolyze GTP arginine finger. However, further analysis reveals a re-
quirement for the effector, coatomer, for efficient GTP
hydrolysis. In GTPase assays the addition of coatomer* E-mail: jonathan@ximpact4.ski.mskcc.org.
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Figure 1. ARF1t Interactions with Coatomer
and ARFGAP
(A) GTP-dependent binding of human ARF1t
to coatomer. N-terminally His-tagged ARF1t
was immobilized on Ni-IMAC beads, loaded
with either GTP or GDP, and then probed for
binding of purified coatomer (see Experimen-
tal Procedures). Bound protein was analyzed
by SDS-PAGE and silver staining. The posi-
tions of a-COP (160 kDa) and b-, b9-, and
g-COPs (which migrate close together at z110 kDa) are indicated.
(B) GTP hydrolysis on human ARF1t activated by the rat ARFGAP catalytic domain (residues 6±136) in solution. The conversion of ARF1t from
the GTP- to GDP-bound forms is monitored by a decrease in mobility on a 15% native polyacrylamide gel. ARF1t±GTP (20 mM) and ARFGAP
(4 mM) were incubated together for the indicated times at 208C and then analyzed by native PAGE and Coomassie blue staining (see Experimental
Procedures).
(C) The differential mobility of GTP- and GDP-bound ARF1t was confirmed in a control experiment. ARF1t was loaded with the respective
nucleotides using an ARF1-specific exchange factor and analyzed as in (B).
accelerates the reaction a further 1000-fold in an ARF- 1997; Tesmer et al., 1997a). In the present study, an
AlFx-stabilized complex of ARF1t±ARFGAP could not beGAP-dependent manner; furthermore, structural com-
parisons indicate that the effector-binding site of ARF1 detected biochemically (data not shown). Instead, the
initial crystallization trial used ARF1t bound to the nonhy-is not occluded by ARFGAP. Together, these observa-
tions suggest that the GTPase active site is constructed drolyzable GTP analog, GppNHp, but this was unsuc-
cessful owing to poor solubility properties of the com-from a tripartite complex of ARF1, ARFGAP, and coat-
omer and raise the possibility that an arginine fingerÐa plex. Finally, crystals were obtained of ARFGAP (residues
1±136) complexed with human ARF1t bound to GDP andcanonical feature of GAP-mediated GTPase reactionsÐ
is supplied to the ARF1 active site by a subunit of Mg21. This structure represents the product complex
of the GAP-mediated GTPase reaction, so it does notcoatomer.
provide details of the active site alignment for catalysis.
Where necessary, these details are inferred from struc-Results and Discussion
tural comparisons with the Ras, Rho, and Gia1 systems.
The crystal structure was determined by a combina-Binding of ARF1t to Coatomer and ARFGAP
tion of multiple isomorphous replacement and molecularThe crystal structure of ARF1 in the triphosphate confor-
replacement methods. The refined model has a crystal-mation established that the protein has a bipartite struc-
lographic R factor of 21.5% and a free R value of 28.0%ture comprising a GTPase core of classical Ras topology
at 1.95 AÊ resolution (see Experimental Procedures).linked to a membrane anchor, the myristoylated N-termi-
nal a helix (Goldberg, 1998). Consistent with this, trunca-
tion of the N-terminal residues 1±17 of human ARF1
Overview of the ARF1t±ARFGAP Structurecreates a soluble protein (termed ARF1t) that retains full
The structure of the ARF1t±ARFGAP complex is illus-activity in exchange factor assays (Paris et al., 1997).
trated in Figure 2, and the ARFGAP topology is de-These observations suggested that other ARF1 activi-
scribed in Figure 3.tiesÐnamely effector binding and ARFGAP-stimulated
Electron density maps confirm the presence of GDPGTP hydrolysisÐcould be studied without a membrane
and Mg21 at the ARF1t active site. With the exceptionrequirement, by using ARF1t. Indeed, incubation of puri-
of the switch 2 region, the overall conformation of GDP-fied coatomer with purified, immobilized ARF1t showed
bound ARF1t in the complex is very similar to the isolateda direct, GTP-dependent interaction (Figure 1A).
full-length ARF1 molecule (Amor et al., 1994), with aPreliminary experiments with rat ARFGAP (Cukierman
mean deviation of 0.65 AÊ for all Ca atoms (excludinget al., 1995) defined a minimal catalytic polypeptide,
residues 6±136 (hereafter referred to as ARFGAP), that switch 2 residues 70±84). In particular, switch 1 residues
includes the zinc finger motif (see Experimental Proce- 41±47 form a b hairpin element that is characteristic of
dures). Incubation of recombinant ARFGAP with ARF1t the diphosphate conformation.
in solution activated the GTP hydrolysis reaction (Fig- The ARFGAP catalytic core forms a single structural
ures 1B and 1C). This establishes a functional interaction domain that resembles a clenched fist, with dimensions
between ARF1t and ARFGAP that is amenable to struc- 35 AÊ 3 35 AÊ 3 25 AÊ . The ªfingertipsº (b strand 5 and
tural characterization, since it occurs in the absence of adjoining loops; residues 51±71) and ªpalmº (a helices
membrane phospholipids and does not require the N F and G) regions together create a groove that serves
terminus of ARF1. as the binding site for ARF1t. The ªknuckleº region (zinc
finger plus a helices A, D, and E) faces away from the
protein±protein interface toward solvent. The topologyCrystal Structure Determination
of ARFGAP is unusual, comprising a GATA-like Cys4The crystal structures of Ras and Rho GTPases com-
zinc finger (Omichinski et al., 1993), with sequenceplexed with their respective GAPs, and of Gia1 with RGS4,
CX2CX16CX2C, nested in an irregular array of six a heliceswere determined bound to GDP and AlFx (AlF3 or AlF42),
and one b strand (Figures 3B and 3C). The strand, b5,which mimics the transition state for the phosphoryl-
transfer reaction (Rittinger et al., 1997; Scheffzek et al., makes hydrogen bonding interactions with strand b3 of
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ARD1, an ARF-like GTPase, will not resemble ARFGAP.
ARD1 contains a C-terminal GTPase domain and an
N-terminal domain with (intramolecular) GAP activity
and candidate arginine finger residues (Arg-164, Arg-
165) (Vitale et al., 1998). Although the ARD1 GAP domain
(residues 101±190) has no obvious sequence homology
with ARFGAP, it does contain a zinc finger that sug-
gested a possible connection (Vitale et al., 1998).
However, the zinc finger motif of ARD1 (sequence
CX2CX4CX2C) lacks the b plug, and this observation,
together with the general absence of sequence homol-
ogy, implies distinct structures for the ARD1 GAP do-
main and ARFGAP.
ARFGAP is clearly unrelated to the other GAP protein
structures determined to date, all of which are exclu-
sively helical; this includes Ras-specific GAPs (Scheff-
zek et al., 1997, 1998a), Rho-specific GAPs (Rittinger et
al., 1997; Nassar et al., 1998), and RGS4 activator of Gia1
(Tesmer et al., 1997a).
The ARF1t±ARFGAP Interface
Structural observations argue against an arginine finger
mechanism for ARFGAP. First, all the residues required
for ARFGAP activity (6±136; see Figure 1B) are visible
in electron density maps, but none reside within 15 AÊ
of the ARF1t active site (closest approach is 15.7 AÊ from
Pb of GDP to Nz of Lys-68); full-length rat ARFGAP (45
kDa) has comparable activity to ARFGAP 6±136 (Cukier-
man et al., 1995; Huber et al., 1998). Secondly, an align-
ment of ARFGAP sequences (Figure 3B) identifies two
invariant arginine residues, Arg-50 and Arg-60, but these
can be ruled out as candidate arginine fingers. Arg-60
lies at the protein±protein interface, forming a salt bridge
Figure 2. Structure of the ARF1t±ARFGAP Complex with the carboxylate group of ARF1t residue Glu-105
(A) Ribbon representation of human ARF1t (cyan and white) bound (Figure 4A). Arg-50 is the C-terminal residue of the zinc
to the catalytic domain of rat ARFGAP. The coloring scheme for finger module, and it appears to have a structural role,
ARFGAP is defined in Figure 3A. ARF1t regions at the interface are making extensive contacts with other zinc finger resi-
colored white and labeled switch 2 (Sw2; residues 70±80) and a3
dues. The aliphatic portion of its side chain interacts(residues 100±112). Likewise, the principal ARFGAP interface re-
with residues 46SG47 of helix aB, while the guanidiniumgions are indicated (b5, aC, and aF). At the GTPase active site GDP
group forms an amino±aromatic interaction with anotheris colored white with phosphorus atoms pink, and the Mg21 ion is
green. Side chain groups for the Cys4±Zn center are shown, and invariant residue, Trp-32 (3.7 AÊ from Nh of Arg-50 to the
zinc is colored purple. In (B) the complex is rotated 908 about a center of the six-membered Trp ring).
vertical axis. Before considering the ARFGAP mechanism, a prelim-
inary issue concerns the unusually slow catalytic rate
of ARF1 (Kahn and Gilman, 1986). Specifically, how is
the zinc finger motif to form a short three-stranded b ARF1 switched off more effectively than Ras? The rate
sheet (b4-b3-b5). GATA-like zinc fingers that function in of GTP hydrolysis on isolated Ras appears to be re-
DNA recognition use the C-terminal a helix (equivalent stricted by the high mobility of switch 2, which lowers
to aB in ARFGAP) to contact the DNA major groove the probability of Gln-61 being aligned for catalysis (Pai
(Omichinski et al., 1993). In ARFGAP, the corresponding et al., 1989; Scheffzek et al., 1997). Gln-61 of Ras is a
region of aB is exposed to solvent, and no zinc finger conserved catalytic residue that positions the active site
residues mediate contacts with ARF1t (Figure 2A). In- water molecule for nucleophilic attack. Surprisingly, in
stead, the zinc finger module serves an architectural the crystal structure of GppNHp-bound ARF1t, switch 2
role. In particular, the hairpin formed by b strands 3 and and the catalytic glutamine (Gln-71) were found to be
4 (residues 32±41) forms a plug of hydrophobic amino well ordered (Goldberg, 1998). However, a comparison
acids (b plug) in the core of the ARFGAP molecule. In with the Ras±RasGAP complex indicates that Gln-71
the GATA-1 transcription factor, residues that form the is subtly misaligned at the active site. A least-squares
b3-b4 hairpin are more hydrophilic and are exposed to superposition of ARF1t±GppNHp and Ras±RasGAP (us-
solvent in the NMR structure (Omichinski et al., 1993) ing atoms of the P loop and nucleotide) shows that Gln-
(Figure 3). 71 is displaced by z2 AÊ from the catalytic position, in the
The b plug, with sequence CX16C, is likely to be a direction of switch 1 residues 46±47 (e.g., the distance
conserved structural feature of ARFGAP proteins. This between Cg of Gln-71 and Cg of Ras Gln-61, after super-
position, is 2.1 AÊ ) (data not shown). The position of theis important since it predicts that the GAP domain of
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Figure 3. ARFGAP Sequence and Structure
(A) Amino acid sequences of the catalytic do-
main of ARF-specific GAPs from R. norvegi-
cus (Cukierman et al., 1995), C. elegans (Wil-
son et al., 1994), D. melanogaster (GenBank
accession 2286211), A. thaliana (GenBank ac-
cession 3236238), and of S. cerevisiae GCS1
(Ireland et al., 1994) and chicken GATA-1
(Hannon et al., 1991). Only the residues mod-
eled in the crystal structure are included in
the alignment. For GATA-1, the sequence for
the C-terminal zinc finger is shown. Residue
numbers above the sequences are for rnGAP,
the protein used in this study (termed ARF-
GAP in the text). The secondary structure ele-
ments of the ARFGAP crystal structure are
indicated by cylinders for a helices (labeled
aA±aG) and arrows for b sheets (labeled b1±
b5). Conserved residues are highlighted in
yellow. ARFGAP residues that contact ARF1t
are indicated below the alignment. Residues
labeled ª2º interact with switch 2, and resi-
dues labeled ª3º interact with ARF1t helix a3.
The high-MW GAPs ASAP1 (Brown et al.,
1998) and GIT1 (Premont et al., 1998) were
omitted from the alignment, since for these
sequence homology is limited to the N-termi-
nal 80 residues.
(B) Ribbon representation of the ARFGAP catalytic domain alone, oriented as in Figure 1A. The coloring and numbering of secondary structure
elements are defined in (A). The zinc finger region is colored orange.
(C) Stereo diagram showing a comparison of the Cys4 zinc fingers from ARFGAP (orange) and from the GATA-1 C-finger (blue) (Omichinski
et al., 1993). Picture is oriented as in (B).
glutamine side chain amide group is thus incompatible primary binding site in the ARF1t±ARFGAP complex (see
Figures 2 and 4).with the geometry required for hydrogen bonding to the
catalytic water molecule and for catalysis. The position- At the ARF1t±ARFGAP interface, two structural ele-
ments from ARF1t (switch 2 and helix a3) interact withing of Gln-71 is imposed by the switch 2 region, which
forms a well-ordered 310 helix from residues 72 to 80 two elements from ARFGAP (strand b5 and adjoining
loops, and helix aF) (Figures 2 and 4). There are numer-(Goldberg, 1998). Given the negligible GTPase activity
of ARF1, this is evidently an efficient mechanism for ous electrostatic interactions between the proteins, with
a total of 13 charged residues and six salt bridges; indisabling the active site. Finally, an obvious prediction
from this is that the ARFGAP mechanism will involve this regard, the interface is similar to that observed in
the complex of Gia1 and RGS4 (Tesmer et al., 1997a).the reconfiguration of switch 2. Indeed, switch 2 is a
Figure 4. Interactions Between ARF1t and
ARFGAP
Pictures show a single view down the ARF1t±
ARFGAP interface that is separated into up-
per (A) and lower (B) slices. Coloring is as in
Figure 2. Side chain and main chain groups
are drawn that mediate interactions at the
interface. For clarity, ARF1t residues are la-
beled with the prefix ªa-º and ARFGAP resi-
dues with the prefix ªg-º. Oxygen, nitrogen,
and sulfur atoms are colored red, blue, and
yellow, respectively. Hydrogen bonds formed
at the interface are drawn as dashed red lines.
Interactions made between ARFGAP and he-
lix a3 of ARF1t are detailed in (A), and interac-
tions with switch 2 are shown in (B).
Structure and Function of the ARF1±ARFGAP Complex
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Figure 5. ARFGAP Does Not Occlude the Effector-Binding Site
Surface representations of ARF1t and Ras showing the interaction footprints of their respective GAPs and effectors. Note that the binding
sites overlap extensively on Ras (green area), but not at all on ARF1t. For comparative purposes, ARF1t is shown in the triphosphate conformation
(Goldberg, 1998); mapped onto its surface is the ARFGAP-binding site (blue) elucidated in the present study, and the putative coatomer-
binding site (yellow; see text for details). Ras, bound to GDP and aluminum fluoride, is taken from the Ras±RasGAP complex (Scheffzek et
al., 1997). The catalytic arginine residue supplied by RasGAP to the GTPase active site is drawn (labeled Arg-789). The binding site for a Ras
effector is calculated from coordinates of the Rap1A/Raf1 kinase complex (Nassar et al., 1995); Rap1A is a close homolog of Ras, with 100%
sequence identity in the effector region. Interaction footprints were calculated using RESAREA and associated programs from the CCP4 suite
(1994).
Helix a3 of ARF1t (residues 100±112) is a key recogni- Arg-112 (Figure 4A). The lack of activity toward Arl2 is
not surprising, since ARF1 and Arl2 share 45% sequencetion site and is contacted by six highly conserved resi-
dues from the fingertips region of ARFGAP (Figure 4A). identity in switch 2 (defined as ARF1 residues 70±80)
and only 23% identity in helix a3.This interaction surface is likely to be preserved through-
out the GTPase reaction, since the conformation of helix Switch 2 interacts with residues on helices aC and
aF of ARFGAP (Figure 4B). However, since the confor-a3 is insensitive to the GTP±GDP transition (Goldberg,
1998). The distal portion of helix a3 presents a hydropho- mation of switch 2 is influenced by GDP bound at the
active site, the details of these interactions are likely tobic surface patch (ARF1t residues Met-108, Arg-109 [ali-
phatic portion], Leu-111, and Ala-112) that contacts con- differ somewhat from the transition state complex, and
so will not be discussed in detail here. In the GTP-to-served ARFGAP residues Val-54, His-55, and Phe-58.
The proximal portion of a3, on the other hand, makes GDP transition, switch 2 converts from an ordered 310
helix to a highly mobile conformation (Amor et al., 1994;exclusively ionic interactions; residues Glu-105, Glu-
106, and Arg-109 of ARF1t form salt bridges with Arg-60, Goldberg, 1998). In the ARF1t±ARFGAP complex, switch
2 is also mobile from residues 70±74, including the cata-Lys-68, and Glu-71 on ARFGAP (Figure 4A). Interactions
involving helix a3 may be important for specificity. In lytic Gln-71, but remains helical from residues 75±80.
Several lines of evidence suggest that ARFGAP actsvitro, ARFGAP is active toward human ARF1 and ARF5,
but not human ARF6 or Arl2, an ARF homolog (Ran- on ARF1±GTP by reconfiguring switch 2. Most impor-
tantly, stabilization of switch 2 is a central mechanisticdazzo, 1997). The lack of activity toward ARF6 is infor-
mative, since ARF1 and ARF6 are 100% identical in feature of Ras- and Rho-specific GAPs and of RGS (Rit-
tinger et al., 1997; Scheffzek et al., 1997; Tesmer et al.,the switch 2 region. Thus, the discrimination is likely
to be governed by interactions involving helix a3. Two 1997a). Second, residue Gln-71 of ARF1 is required for
GTPase activity, but the crystal structure of ARF1t±charged residues, in particular, may be important. First,
residue Glu-105 (bonds with Arg-60 of ARFGAP) is con- GppNHp revealed that switch 2 and Gln-71 are mis-
aligned at the active site (Goldberg, 1998). Third, theserved as glutamate or aspartate in human ARF1±5, and
in S. cerevisiae ARFs, but is uncharged (glutamine) in ARF1t±ARFGAP structure shows that ARFGAP binds to
switch 2 and helix a3. Thus, it is proposed that ARFGAPARF6. Second, ARF1 residue Asp-114 at the C terminus
of a3 is invariant in human ARF1±5 and in yeast ARFs, accelerates the GTPase reaction, in the absence of an
arginine finger, by inducing switch 2 into a catalyticallybut it is an arginine in ARF6. In the complex, Asp-114
forms a salt bridge with the conserved ARFGAP residue competent conformation.
Cell
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Comparison with RasGAP
The binding site for ARFGAP on ARF1t is distinct from
that observed in the Ras±RasGAP complex (Scheffzek et
al., 1997). Specifically, RasGAP (p120GAP) binds directly
over the Ras active site, such that the g-phosphate
group is at the approximate center of the interaction
footprint (Figure 5). This allows the RasGAP molecule
simultaneously to stabilize switch 2 and insert an argi-
nine finger, residue Arg-789; RasGAP rigidifies switch
2, but it does so by binding only the N-terminal region
adjacent to the active site (residues 60±64) (Scheffzek
et al., 1997). In the Gia1±RGS4 complex, RGS4 likewise
makes extensive contacts with the proximal portion of
switch 2, and none with residues 243±255 (equivalent
to ARF1t helix a3) (Tesmer et al., 1997a). RGS4 abuts
the helical domain of Gia1 (which contains the catalytic
Arg178), and together these are centered over the
GTPase active site, in a similar fashion to RasGAP.
This raises the question as to why ARFGAP binds to
a distinct GTPase surface, 15 AÊ from the active site, in Figure 6. ARFGAP Acts with Coatomer to Accelerate GTP Hydro-
order to stabilize switch 2. The simplest possibility is lysis
that this avoids overlap with the effector-binding site. (A) Main graph shows GTPase activity of ARF1t in solution, activated
Ras cannot interact simultaneously with an effector, by ARFGAP (labeled GAP) and enhanced further by coatomer. Activ-
ity was monitored by the decrease in [g-32P]GTP bound to nitrocellu-Raf1 kinase, and with GAP, since the binding sites over-
lose filters (see Experimental Procedures). This set of experimentslap (Nassar et al., 1995; Scheffzek et al., 1997). Likewise,
was performed at a low coatomer to ARF1t ratio (0.17 mM coatomer,RGS4 blocks the interaction of Gqa with the effector 30 mM ARF1t, and 13.6 mM ARFGAP). Control experiments shownphospholipase Cb1 (Hepler et al., 1997). A mechanism in the top panel used ARF1t loaded with [a-32P]GTP to monitor for
that allows effector and GAP molecules to bind simulta- nucleotide exchange and dissociation. Each point is the mean of
neously would have distinct advantages (discussed be- three measurements. Where no error bar is shown, the standard
error was less than the size of the symbol. The curves representlow), so this proposition was considered in more detail
unweighted least-squares fits to a first-order exponential function.by a comparative analysis of the interaction surfaces of
Open circles, ARF1t plus coatomer; filled triangles, ARF1t alone.ARF1t and Ras (see Figure 5).
(B) Coatomer stimulation at a high coatomer to ARF1t ratio. Reac-As shown in Figure 5, RasGAP binds over the active tions contained 0.34 mM coatomer, 0.6 mM ARF1t, and 0.8 mM ARF-
site region (blue and green areas) and overlaps exten- GAP. Theoretical curves are drawn for reactions proceeding at 1/10,
sively with the binding site for the effector Raf1 kinase 1/100, and 1/1000 times the coatomer-enhanced rate.
(yellow and green). For ARF1t the effector-binding site
has not been established crystallographically, so this
was modeled based on data from the complex of the and further accelerate, the GTP hydrolysis reaction. This
Ras homolog Rap1A and Raf1 kinase (Nassar et al., hypothesis was tested biochemically.
1995). Although not all GTPases bind their effectors in
this mode (in particular, see Tesmer et al., 1997b), the Coatomer Synergizes with ARFGAP to Accelerate
Rap1A/Raf1 kinase complex was chosen because there GTP Hydrolysis
is evidence that the ARF1 effector, coatomer, binds to Purified coatomer was tested for an ability to increase
the classical switch 1 effector region (ARF1 residues the ARFGAP-stimulated GTP hydrolysis reaction of
45±53; equivalent to Ras 32±40). First, in GppNHp- ARF1t (see Experimental Procedures). As was found for
bound ARF1t, switch 1 and the effector region adopt a myristoylated ARF1 (Kahn and Gilman, 1986), purified
conformation that closely resembles Ras (Pai et al., ARF1t has no detectable GTPase activity, and activa-
1989; Goldberg, 1998). More directly, photocrosslinking tion of the GTPase function requires ARFGAP (residues
experiments indicate that ARF1 residues Ile-46 and Ile- 6±136) (Figures 1B and 6A). The addition of coatomer
49 (equivalent to Ras effector residues Asp-33 and Ile- caused a marked increase in activity. Importantly, this
36) interact directly with coatomer (Zhao et al., 1999). enhancement is dependent on ARFGAP, as coatomer
Thus, effector-binding residues were assigned to ARF1 alone had no effect (Figure 6A). Additionally, the effect
based on homology with the respective residues of the of coatomer is clearly an acceleration of GTPase activity
Rap1A/Raf1 kinase complex. The analysis shows, strik- rather than increased nucleotide exchange or dissocia-
ingly, no overlap of the GAP- and putative effector-bind- tion, since control experiments with [a-32P]GTP showed
ing sites on ARF1t (Figure 5). Additionally, the compari- that the nucleotide remains bound to ARF1t throughout
son with Ras highlights the absence of an arginine finger (Figure 6A, top panel). Coatomer induces several orders
in the ARF1t±ARFGAP complex. of rate acceleration, so initial experiments were done at a
In summary, ARFGAP appears not to occlude the ef- low coatomer to ARF1t ratio (1:175 molar ratio, assuming
fector-binding site of ARF1t. This suggests that ARFGAP 100% active coatomer) to facilitate accurate half-life
could act directly on an ARF1t±coatomer complex and measurements within a practicable dynamic range. As
shown in Figure 6A, under these conditions coatomerraises the possibility that coatomer may participate in,
Structure and Function of the ARF1±ARFGAP Complex
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stimulates GTP hydrolysis approximately 10-fold. The the affinity of ARFGAP for ARF1, or by assisting ARFGAP
in orienting the ARF1 catalytic machinery. However, astimulation of GTPase activity appears to be stoichio-
metric with coatomer; in a second set of experiments more exciting possibility is that a subunit of coatomer
supplies an arginine finger residue to the ARF1 activedone at a high coatomer to ARF1t ratio (1:1.75), coatomer
stimulation is approximately 1000-fold (Figure 6B). Un- site. The comparison with Ras indicates that the site for
insertion of an arginine finger is unobstructed in theder these conditions, in the absence of coatomer, the
extent of GTP hydrolysis is negligible after 60 min (com- ARF1t±ARFGAP complex (Figure 5). In view of this possi-
ble mechanism, the magnitude of the rate accelerationpare Figures 6A and 6B) due to the reduced concentra-
tion of ARF1t (50-fold lower) and ARFGAP (17-fold). A by coatomer, z1000-fold, is interesting by comparison
with data for Ras. Mutational analysis of RasGAP hasmore detailed analysis was not attempted due to the
complexity of the z600 kDa heptameric coatomer com- shown that the arginine finger contributes a factor of
z1000 (for p120GAP) or z2000 (neurofibromin) to the totalplex (Waters et al., 1991). This will become feasible once
the effector domain of coatomer has been identified, 105-fold stimulation of the GTPase reaction (Ahmadian
et al., 1997).likely within the b-COP subunit (Zhao et al., 1997).
The biochemical data suggest a mechanism whereby A hallmark of the arginine finger mechanism is that
the transition state is mimicked by GDP±AlFx (Mittal etARFGAP binds to ARF1t coatomer to form a tripartite
complex in which GTP hydrolysis proceeds z1000-fold al., 1996). If coatomer supplies an arginine finger, this
predicts that AlFx may stabilize the ARF1t±coatomerfaster than in the ARF1t±ARFGAP complex. This would
provide a natural explanation for why ARFGAP binds complex. This should be straightforward to test. Inter-
estingly, in an in vitro system that reconstitutes vesicleaway from the effector-binding site. What are the advan-
tages of this arrangement? budding, aluminum fluoride acts like GTPgS to cause
the stable accumulation of COPI vesicles (Serafini et al.,GAP proteins control the duration of the GTP signal.
In the case of Ras, RasGAP must compete with Raf1 1991). Finally, if coatomer supplies an arginine finger,
why does the ARF1t±coatomer complex not hydrolyzekinase (Raf1) for its binding site in order to accomplish
this downregulating function (see Figure 5 and Herr- GTP? One possibility would be that switch 2 and Gln-
71 remain misaligned in the manner observed in themann et al., 1996). This poses a problem if the lifetime
of the Ras±Raf1 complex were long, as RasGAP would ARF1t±GppNHp complex (Goldberg, 1998). The stability
of ARF1t±coatomer could be considered analogous,not exert an effect and the duration of the GTP signal
would depend instead on the rate of intrinsic GTP hydro- then, to the inactivity of RasGAP toward the Q61L onco-
genic mutant of Ras (Bollag and McCormick, 1991). Putlysis. A solution to this problem is suggested by recent
kinetic experiments that show the lifetime of the Ras± differently, in a GTPase±GAP complex the absence of
the arginine finger removes a catalyst worth three ordersRaf1 (effector domain) complex to be short (Sydor et
al., 1998). Presumably, in the Ras signaling cascade, a of rate acceleration, but blockade of the catalytic H2O-
binding site removes a substrate of the reaction, low-transient association is sufficient to activate Raf1; a sin-
gle activated Ras molecule could then act catalytically ering the rate to basal levels.
Further studies, aimed at characterizing the structureon multiple Raf1 molecules during the lifetime of the
bound GTP (discussed in Sydor et al., 1998). and function of the tripartite complex and the role of
coatomer, will help to resolve these issues.ARF1, on the other hand, acts stoichiometrically, not
catalytically, to form a GTP-dependent interaction with
coatomer that maintains the stability of the COPI vesicle Conclusions
coat (Serafini et al., 1991; Tanigawa et al., 1993; Zhao et GAPs for Ras and Rho GTPases act in two ways to
al., 1997). The kinetics of the ARF1±coatomer interaction cause rate acceleration: by stabilizing switch 2 and sup-
have yet to be studied, but it seems probable that they plying an arginine finger to the active site (Rittinger et
will be slow, particularly in the context of the polymer- al., 1997; Scheffzek et al., 1997). To do this, they bind
ized COPI coat. The apparent utility of the ªtripartite directly over the active site, thereby occluding the ef-
mechanism,º then, is that a long-lived ARF1±coatomer fector-binding region. Thus, for these GAPs to maintain
complex will remain accessible to ARFGAP. (More gen- control of the duration of the GTP signal, the rates of
erally, the mechanism allows the kinetics of a GTPase± GTPase±effector association and dissociation must be
effector interaction to be tuned to any values without relatively rapid. In this study, structural and biochemical
compromising GAP action). An important requirement observations suggest a mechanism by which the efficacy
of this mechanism is that GTP hydrolysis in the ARF1± of GAP action can be made independent of GTPase±
coatomer complex is slow. As shown in Figure 6A, coat- effector kinetics. ARFGAP stabilizes switch 2 by acting
omer stimulation of the GTPase reaction is absolutely at a distance from the ARF1t active site, thereby avoiding
dependent on ARFGAP. Finally, the disadvantage of the overlap with the effector-binding region. Since ARFGAP
tripartite mechanism is that, by acting at a distance from cannot supply an arginine finger from this location, the
the GTPase active site, ARFGAP is unable to supply an catalytic arginine may be provided instead by the ef-
arginine finger for transition state stabilization. fector complex, coatomer. Thus, efficient GTP hydroly-
sis occurs in a tripartite complex of ARF1, ARFGAP, and
coatomer. The characteristics of this mechanism areStimulation by Coatomer: an Arginine
Finger Mechanism? well suited to GTPases that function, like ARF1, as as-
sembly factors promoting the formation of protein com-Coatomer may exert its stimulatory effects on GTPase
activity in a number of ways, for example, by increasing plexes, or as proofreading devices.
Cell
900
Table 1. Summary of Crystallographic Analysis
Diffraction Data and MIR Statistics
Reflections Completeness (%) Rmergeb (%) Phasing
Crystala Resolution (AÊ ) Measured/Unique Overall/Outer Shell Overall/Outer Shell Risoc (%) Powerd Rcullise
Native 16±1.95 114,170/21,752 98.7/86.8 5.2/23.5 (2.01±1.95 AÊ ) Ð Ð Ð
HgCl2 16±2.7 26,854/7,989 94.9/96.7 10.0/25.2 (2.78±2.70 AÊ ) 15.2 1.45 0.70
Thimerosal 16±2.8 22,599/6,642 88.6/91.7 11.6/28.5 (2.88±2.80 AÊ ) 19.6 0.96 0.78
Overall MIR figure of merit 0.43 (16±3.2 AÊ )
Refinement Statistics
Rms Deviations
R Value
Crystal Resolution (AÊ ) Reflections Rcryst/Rfreef (%,%) Bonds (AÊ ) Angles (8) B factors (AÊ 2)
Native 8±1.95 20,019 21.5/28.0 0.008 1.4 1.5
a Crystal space group C2221; a 5 69.2 AÊ , b 5 80.9 AÊ , c 5 105.9 AÊ .
b Rmerge 5 100 3 ShSi | Ih,i 2 ,Ih. | / ShSiIh,i.
c Riso 5 100 3 Sh | Fnath 2 Fderivh | / ShFnath.
d Phasing power 5 rms heavy-atom structure factor/rms lack of closure.
e Rcullis 5 Sh || Fderiv 2 Fnat | 2 | FHcalc ||/ Sh|Fderiv 2 Fnat | (centric reflections).
f Free R value was calculated with 5% of the data. R values were calculated for data with a 2s cutoff.
Experimental Procedures program AMORE (CCP4, 1994). However, as this accounts for just
z50% of atoms in the crystal, the model-derived phases were corre-
spondingly impoverished so that electron density for ARFGAP wasProtein Preparation and Characterization
Human ARF1t was prepared as described (Goldberg, 1998). Coat- uninterpretable. Two mercuric reagents were used to obtain heavy
atom derivative crystals (Table 1). X-ray data were collected andomer, generously provided by Walter Nickel (Memorial Sloan-Ketter-
ing Cancer Center), was purified from rabbit liver according to Pavel processed as before, and heavy-atom parameters were refined with
the program MLPHARE (CCP4 suite). MIR phases were calculatedet al. (1998), to z80% purity.
The catalytic domain of rat ARFGAP has been localized to an for data between 16 and 3.2 AÊ resolution (mean figure of merit 5
0.43), improved by density modification with the program DM, andN-terminal region, residues 1±146, of the 45 kDa protein (Cukierman
et al., 1995). DNA encoding this region was obtained from a rat brain finally combined with the MR phases using SIGMAA (CCP4 suite).
The resulting electron density was of sufficient quality for the place-cDNA library (Clontech) using PCR and the published sequence
(Cukierman et al., 1995) and ligated to the pET15b expression vector ment of the entire ARFGAP backbone and assignment of the majority
of side chain groups. Positional and simulated annealing refinement(Novagen) using NdeI and XhoI restriction sites. The ARFGAP mole-
cule, with a hexahistidine tag, was expressed in E. coli and purified were carried out using XPLOR (BruÈ nger, 1992). Finally, the inclusion
of water molecules and refinement of individual B factors reducedon Ni-IMAC resin. By a combination of limited proteolysis (with
subtilisin), N-terminal sequencing, and mass spectrometry, the the R factors to values of Rcryst 5 21.5% and Rfree 5 28.0% for data
between 8.0±1.95 AÊ resolution (Table 1). All residues have beenARFGAP catalytic domain was defined as residues 1±136 (data not
shown). This region was subcloned and purified as before. The modeled with the exception of ARF1t C-terminal residues 180±181
and ARFGAP N-terminal residues 1±5, for which no electron densityhistidine tag was cleaved at the thrombin-specific site encoded by
the pET15b vector, and protein was purified further by size exclusion is observed. The model comprises 2354 non±hydrogen protein
atoms, together with 259 water molecules, the active site GDP moi-chromatography. Prolonged incubation with thrombin leads to
cleavage between ARFGAP residues Arg-5 and Thr-6. ARFGAP con- ety, and Mg21 ion plus an additional Mg21 ion that mediates a crystal
contact. A single residue falls in a disallowed region of the Rama-structs 1±136 and 6±136 were purified to homogeneity and found
to have identical activities on ARF1t±GTP. chandran plot; residue Lys-59 in ARF1t has poor geometry owing
to weak electron density for residues 59±60.
Crystallization and Structure Determination
For crystallization, solutions of ARFGAP (residues 1±136) and ARF1t
were combined to give 1.7 mM of each protein in 150 mM KCl, 20 Coatomer Binding Analysis
The purified ARF1t with an N-terminal His6 tag was immobilized onmM HEPES (pH 7.5), 5 mM MgCl2. Recombinant ARF1t purified from
E. coli contains a 6:1 ratio of bound GTP to GDP (Randazzo et al., Ni-IMAC resin to give 5 mg ARF1t per 1 ml of packed beads. Catalytic
amounts of Arno, an ARF-specific exchange factor, were used to1995), so the protein mixture was incubated for 30 min at room
temperature to allow complete GTP hydrolysis (see, for example, replace bound nucleotide with GDP or GTP as described (Goldberg,
1998), and beads were then washed and equilibrated with buffer AFigure 1B). Crystals (thin plates) were grown by vapor diffusion at
258C by mixing 1 ml of protein mix with an equal volume of well (20 mM Tris [pH 7.5], 5% glycerol, 200 mM NaCl, 0.2% Triton X-100,
7.5 mM MgCl2, 20 mM imidazole). Ten microliters of packed beadssolution, containing 27% (w/v) polyethylene glycol (PEG) 4000 and
100 mM MgCl2. The space group is C2221, and the asymmetric unit was incubated for 15 min at room temperature with 100 ml of buffer
A and 2 mg of purified coatomer and subsequently washed threecontains a single ARF1t±GDP/ARFGAP complex (Table 1). For X-ray
data collection, crystals were flash-frozen to 100 K without addi- times with 1 ml of buffer A. The bound fraction was eluted by adding
solid urea to 8 M, then boiled with SDS-PAGE sample buffer andtional cryoprotectants. Diffraction data were measured on a Rigaku
R-AXIS IV area detector, with mirror-focused CuKa X-rays from a subjected to electrophoresis. Proteins were detected with silver.
rotating anode source. The crystals diffract strongly to at least 1.9
AÊ resolution. Data were processed using the DENZO package (Otwi-
nowski and Minor, 1993), and subsequent calculations were per- GTPase Assays
Two GTPase assays were used. A native gel assay was devisedformed with the CCP4 program suite (CCP4, 1994) (Table 1).
The structure was solved by a combination of multiple isomor- based on the finding that ARF1t±GDP migrates more slowly than
ARF1t±GTP through native polyacrylamide gels. ARF1t±GTP (20 mM)phous replacement (MIR) and molecular replacement (MR) methods.
Using the coordinates of human ARF1-GDP as the search model was incubated with 4 mM ARFGAP (residues 6±136) in 150 mM KCl,
20 mM HEPES (pH 7.5), 5 mM MgCl2 for varying times at 208C, then(Amor et al., 1994), the ARF1t molecule was located with the MR
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mixed with native PAGE sample buffer and subjected to electropho- Goldberg, J. (1998). Structural basis for activation of ARF GTPase:
mechanisms of guanine nucleotide exchange and GTP-myristoylresis at 48C on a 15% polyacrylamide gel, followed by Coomassie
blue staining. switching. Cell 95, 237±248.
For the radiometric assay, ARF1t was first loaded with either Hannon, R., Evans, T., Felsenfeld, G., and Gould, H. (1991). Structure
[g-32P]GTP or [a-32P]GTP. For this, His-tagged ARF1t was immobi- and promoter activity of the gene for the erythroid transcription
lized on Ni-IMAC resin, and nucleotide was exchanged as before. factor GATA-1. Proc. Natl. Acad. Sci. USA 88, 3004±3008.
Beads were washed extensively to remove unbound nucleotide, and Hepler, J.R., Berman, D.M., Gilman, A.G., and Kozasa, T. (1997).
ARF1t was then eluted with buffer B (PBS, 5 mM MgCl2) plus 250 mM RGS4 and GAIP are GTPase-activating proteins for Gq alpha and
imidazole and diluted 25-fold with buffer B to reduce the imidazole block activation of phospholipase C beta by gamma-thio-GTP-Gq
concentration. Assays were performed at room temperature by pre- alpha. Proc. Natl. Acad. Sci. USA 94, 428±432.
incubating radiolabeled ARF1t±GTP with or without coatomer for 5
Herrmann, C., Horn, G., Spaargaren, M., and Wittinghofer, A. (1996).min (during which time no detectable GTP hydrolysis occurred) and
Differential interaction of the ras family GTP-binding proteins H-Ras,then adding ARFGAP (residues 6±136) to a 50 ml reaction mixture
Rap1A, and R-Ras with the putative effector molecules Raf kinasecontaining buffer B. Reactions were stopped by diluting the 50 ml
and Ral-guanine nucleotide exchange factor. J. Biol. Chem. 271,mixtures into 1 ml of ice-cold buffer B and filtering on 0.45 mm
6794±6800.nitrocellulose filters (Millipore). Filters were washed with 2 ml of the
Huber, I., Cukierman, E., Rotman, M., Aoe, T., Hsu, V.W., and Cassel,same buffer, dried, and counted. Reaction rates and error estimates
D. (1998). Requirement for both the amino-terminal catalytic domainwere determined from unweighted least-squares fits of the data to
and a noncatalytic domain for in vivo activity of ADP-ribosylationa first-order exponential function. Experiments performed at a low
factor GTPase-activating protein. J. Biol. Chem. 273, 24786±24791.coatomer to ARF1t ratio used 0.17 mM coatomer, 30 mM ARF1t, and
13.6 mM ARFGAP, while those at high coatomer to ARF1t ratio used Ireland, L.S., Johnston, G.C., Drebot, M.A., Dhillon, N., DeMaggio,
0.34 mM coatomer, 0.6 mM ARF1t, and 0.8 mM ARFGAP. A.J., Hoekstra, M.F., and Singer, R.A. (1994). A member of a novel
family of yeast ªZn-fingerº proteins mediates the transition from
stationary phase to cell proliferation. EMBO J. 13, 3812±3821.Acknowledgments
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